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Thomson-scattering measurements in the collective and non-collective regimes in laser
produced plasmas

J. S. Ross!2, S. H. Glenzer', J. P. Palastro®, B. B. Pollock"2, D. Price!, G. R. Tynan?, and D. H. Froula!

! Lawrence Livermore National Laboratory, University of California, P.O. Box 808, Livermore, California 94551
2 Mechanical and Aerospace Engineering Department,
University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0411 and
3 Institute for Research in Electronics and Applied Physics, College Park, Maryland 20740, USA

We present simultaneous Thomson-scattering measurements of light scattered from ion-acoustic

and electron plasma fluctuations in a N2 gas jet plasma.

By varying the plasma density from

1.5%10"® ¢cm™> to 5.0x10' cm™3 and the temperature from 100 eV to 600 eV we observe the
transition from the collective regime to the non-collective regime in the high-frequency Thomson
scattering spectrum. These measurements allow an accurate local measurement of fundamental
plasma parameters: electron temperature, density and ion temperature. Furthermore, experiments
performed in the high-densities typically found in laser produced plasmas results in scattering from
electrons moving near the phase velocity of the relativistic plasma waves. Therefore, it is shown
that even at low temperatures, relativistic corrections to the scattered power must be included.

PACS numbers:
I. INTRODUCTION

Thomson Scattering is a valuable diagnostic for charac-
terizing laser [1-4], tokamak [5-7] and pinch [8, 9] plas-
mas. Thomson scattering is the scattering of photons
from free electrons when the photon energy is less than
the rest mass of an electron. Figure 1 shows a com-
plete scattering spectrum as a function of the scattering
parameter, & = 1/kAp. Transitions between collective
and non-collective scattering are observed, but typically
laser plasmas are limited to the collective regime as a
result of the high densities (i.e., associated small Ap) re-
quired for coupling the laser beam energy to the plasma
(ne 2 1019 cm=3).

In the high-frequency regime (w > wp;), the transition
to collective scattering is characterized by v = 1. When
a > 1, light is scattered from electron-plasma fluctu-
ations with a wavelength longer than the Debye length
(Ap = kT, /4mn.e?) and the scattering spectrum revels
the corresponding “electron feature”. For o < 1, light is
scattered from electrons inside the Debye sphere and the
scattering spectrum resembles the electron distribution
function.

Similarly, when observing low-frequency fluctuations
(w < wp;), the electrons contributing to the scatter-
ing spectrum are associated with screening the ions.
When the ion-acoustic waves are weakly damped [a 2
(ZT,/3.45T; — 1)~'/2], the collective motion associated
with the “ion feature” is apparent in the scattering spec-
trum and, for o < (Z7./3.45T; — 1)~'/2, the spectrum
revels the ion distribution function.

When scattering from high-frequency fluctuations in
the collective regime, the electron temperature and den-
sity can be determined from the width and the frequency
of the electron-plasma wave resonance respectively. In
the collective low-frequency regime, the frequency of the

Electron Feature

lonvAcoustic
= Feature
3 112
< i
S~—
2
o))
o
I
¥ Electron Thermal
' Distribution;
I
A<

FIG. 1: The Thomson scattering spectrum as a function of
the scattering parameter. The charge state (Z=10) and the
electron and ion temperatures are held constant (T¢/T; = 1)
while the density is varied to change the scattering parameter.

ion-acoustic features provide a measure of the sound
speed ¢s ~ \/(ZT, + 3T;)/M;. For mid- to high-Z laser-
plasmas, ZT, >> 3T; and the ion feature typically pro-
vides a measure of the electron temperature when the
average charge state is known [10, 11]. Conversely, when
the electron temperature is known, for example, from si-
multaneous measurement of the electron feature, then ei-
ther the average charge state [12] or the ion temperature
can be determined.

In this study, the electron temperature, density, and
ion temperature is characterized in a laser produced gas



jet plasma by simultaneously resolving the electron and
ion features. The transition from the non-collective to
collective high-frequency regime is observed by scaling
the plasma density from 1.5x10'® cm ™3 to 4x 10" cm 3.
Furthermore, scattering from the high-density plasmas
where the electron-plasma fluctuations have relativistic
phase velocities demonstrates the need to include rela-
tivistic modifications to the Thomson scattering calcu-
lations. As the phase velocity is primarily a function of
the plasma frequency (w = wpe), this effect is indepen-
dent of the electron temperature and is dominant at high
densities which is experimentally demonstrated in a tra-
ditionally classical regime (vos./c = eEp/cmwy << 1 and
T. < 1keV) [13].

II. EXPERIMENT

The experiments were performed at the Jupiter Laser
Facility, Lawrence Livermore National Laboratory using
the Janus Laser. The plasmas were produced using a
2w (N\; = 27/k; = 527nm) laser beam focused with a 1
meter focal length lens (f/6.7) about 1 mm from a 1.5
mm diameter cylindrical gas jet nozzle with an operating
upstream pressure of 50 to 300 psi. This resulted in initial
electron densities from 1.5x10'® ecm ™3 t0 5.0x10'? cm 3.
For densities below 2 x 10'® cm ™3, helium gas was used;
above this density nitrogen gas was used.

The experimental geometry is shown in Figure 2. Two
laser beam configurations were used to study the hydro-
dynamics of the gas jet plasmas. Configuration A em-
ployed a 100 J, 1-ns long square pulse followed 4 ns later
by a 20 J, 200-ps long Gaussian pulse. A continuous
phase plate (CPP) [14] was used to produce a 200 pm
diameter laser spot at the center of the gas jet. A second
2w, 2 J, 4-ns long laser beam probed the plasma con-
dition when the primary beam was off. This beam was
focused with a 40 cm long focal length lens (f/10) which
produced a 70 pm diameter spot which over-lapped the
primary beam at best focus. Configuration B employed
a single 300 J, 3-ns long square pulse laser beam that was
focused with a 600 pm diameter phase plate.

Two Thomson scattering diagnostics are configured
to simultaneously measure the high- and low-frequency
components of the scattered spectrum. An f/4 lens col-
lects the light scattered 90° relative to both the primary
and probe beams. To maximize the scattered signal, both
laser beams are polarized in the plane perpendicular to
the collection lens. The collected light is collimated and
transported out of the vacuum. A 527 nm notch filter
is used slightly off normal to reflect the low-frequency
scattered light.

The light reflected from the notch filter is collected and
focused by an f/10 lens to the 100 ym slit of a 1-meter
image spectrometer which is coupled to a Hamamatsu
7700 streak camera. Using a 1200 grooves/mm grating
in second order and a 200 pm streak camera entrance
slit results in a spectral resolution of 6\ = 0.23 nm and
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FIG. 2: The experimental setup is shown. The 2w primary
beam is normal to the direction of scattered light collection
and define a plane. The 2w probe beam is normal to that
plane. The beam timing configurations, a sample gas jet in-
terferogram, and the Thomson scattering k-vector diagram
are shown.

a temporal resolution of §¢ = 400 ps [15].

The light transmitted through the notch filter is fo-
cused by an f/5 mirror onto the 50 pm entrance slit of
a 1/3-meter imaging spectrometer which is coupled to
a Hamamatsu 7700 streak camera. A 150 grooves/mm
grating is used with a resulting spectral resolution of
0A = 1.6 nm. The spectral resolution of both systems
is measured using the 546 nm line from a Hg calibration
lamp. A 200 pm streak camera entrance slit resulted
in a temporal resolution of 6t ~ 100 ps. The Thom-
son scattering volume is defined for both systems by the
overlapping slits with the laser beams.

Two streak tubes (S1 and S20) were tested to optimize
the quantum efficiency on the high-frequency Thomson
scattering diagnostic. Figure 3 shows the resulting sen-
sitivities of the systems over the wavelength region of in-
terest. The spectral response of the complete Thomson
scattering system was measured by placing the output
of a calibrated tungsten lamp at the Thomson scatter-
ing volume. By dividing the known tungsten spectrum
by the measured spectrum a calibration factor is found
which is shown in Figure 3. The S1 streak tube was
chosen for measurements where the intensity between
the two electron plasma features was being compared.
This correction is critical for comparing the intensity of
the Thomson-scattering peaks which can be separated by
over 100 nm.

III. THOMSON SCATTERING

The scattered power into a unit solid angle d) and a
unit frequency dw is given by [16],

2
PR, w,)ddws = = ZO dQ

d?“’s NS(k,w)G(k,w), (1)
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FIG. 3: The 1/3-meter spectrometer coupled to a streak cam-
era is calibrated for wavelength sensitivity using a tungsten
lamp. The measured spectrum for an S-20 streak tube is
shown (red curve). The ratio of the known spectrum (black
dashed line) to the measured spectrum (red line) results in
the correction factor. Two correction factors are shown, one
for the S-1 (green line) streak tube and one for the S-20 (blue
line) streak tube.

where P; is the incident power, A is the cross-sectional
area of the Thomson-scattering volume, ry is the classical
electron radius, N is the electron density, S(k,w) is the
spectral density function, and G(k,w) is a geometrical
factor.

The Thomson-scattering spectral density function ac-
counts for the motion of the plasma and is expressed as,

o (2) 52 1 (2),
(2)

k
where € = 1+ x. + x; is the dielectric function, y. is the
electron susceptibility, x; is the ion susceptibility, Z is
the average ionization state, w = ws; — w;, ws is the scat-
tered frequency, w; is the incident frequency and feo(%)
and fio(%) are the distributions for electrons and ions
respectively.

2 e
Sk,w) = % ‘1 - X?

The geometrical factor [16] accounts for the electro-
magnetic interactions with the plasma. The geometric
factor becomes unity in the “non-relativistic” limit (i.e.,
using a zero order in (v/c) calculation) and assuming col-
lection of the scattered light normal to the direction of
the laser beam polorization (|ks % (ks x E;)|2 = 1). When
ignoring terms of order (v/c)? and greater the geometri-
cal factor becomes,

Wi

G(k,w) = (1 + 2—“’) (3)

In this limit the geometric factor results in an asymmetric
scattering spectrum which is attributed to two effects

which can be expressed as the ratio of peak values,
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where the electrons contributing to the peak scattered
power are moving near the phase velocity of the fluctu-
ation § = w/ke. Here, ¢ is the angle between k and I%S,
® is the angle between k and k;. Term A is the ratio of
the peak powers in the blue- and red-shifted peaks re-
spectively calculated for the “non-relativistic” geometric
factor, i.e., G(k,w) = 1. Asymmetries associated with
Term A are a result of the difference in magnitude be-
tween the red- and blue-shifted resonant wave vectors
which is approximately 2\/% > 10%. When the Landau

damping is small, modest differences in the plasma wave
vector result in large relative changes in the damping of
the plasmas waves.

Term B is a result of the relativistic aberration of light,
also referred to as the relativistic headlight effect, where
light is preferentially directed in the emitters direction
of propagation. Term C is an expression that accounts
for the electron motion in the direction of the incident
light vector F; interacting with the magnetic field of the
Thomson scattering probe laser. The resulting v x B;
force is in the same direction as the force of the incident
electric field. When the electron is moving towards the
detector, the increased force on the electron enhances the
scattered power. When the electron is moving away from
the detector the force is in the opposite direction and the
scattered power is reduced. For a 6 = 90° scattering
angle, Terms B and C in Eqn. 4 reduce to Eqn. 3 when
keeping only terms first order in v/c.

The phase velocity (w/k) of the plasma wave is cal-
culated from the plasma density, the experimental ge-
ometry and the incident laser wavelength. The wave
number (k) is given by the incident wave number (k;)
and the scattered wave number (ks) using the law of

\/|ks|2 + |ki|® — |ks]||ki| cos 6, where 8 is the
angle between ks and k;. The wave numbers are calcu-
lated from their respective frequencies using the disper-
sion relation for an electromagnetic wave in a plasma,

ki,s =

estimated for § = 90° by assuming w ~ wpe,

w n o\ M2
5:—_<2—C—1+2 —C) (5)

Ne Ne

cosines, k =

\/wi, —w32./c. The phase velocity can then be

where n, is the critical density for the wavelength of the
Thomson scattering probe beam.

Figure 4 shows the effect of the relativistic corrections
on the scattering spectrum. The measured spectrum is
fit using Eqn. 1 using both the relativistic and “non-
relativistic” geometric factors and an electron tempera-
ture of 410 eV and a density of 4 x 10! cm™2 is de-
termined. These conditions corresponds to a normalized



phase velocity of 8 = 0.07. When accounting for the
effects of Landau damping, P¥%¢/Prd = 0.7, the to-
tal asymmetry calculated by Eqn. 4 is Pbue /pred = 1.1
which compares well to the measured value of 1.2. This
result demonstrates the importance of including first or-
der v/c corrections to the calculation of scattered power
for nearly all collective scattering from high-frequency
fluctuations in laser-produce plasmas.
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FIG. 4: A measured high-frequency scattering spectrum (red
line) is compared to the Thomson scattering form factor using
a relativistic (black line) and a ”non-relativistic” (blue line)
treatment. Both calculations use an electron temperature of
4 x 10" em™2 and an electron temperature of 410 eV. The
scattering parameter for these conditions is a = 2.5 and 3 =
0.7 from Eqn. 5.

A. Scattering from high-frequency fluctuations

Figure 5 shows scattering from high-frequency fluctu-
ations where the transition from the collective regime
(o > 1) to the non-collective regime (a < 1) is seen. The
scattering parameter was varied by changing the initial
gas density which resulted in a range of densities and
electron temperatures. In the collective regime, the wave-
length associated with the peak of the electron feature is
primarily a function of the density; a larger density re-
sults in an increased separation between the two electron-
plasma features (AAgpw). The separation can be ap-
proximated for # = 90° and low densities (n./n. < 0.05)
as,

st ol o] (32)
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FIG. 5: Three streak camera records of the Thomson scatter-
ing spectrum from the electron feature are shown for different
plasma conditions. The scattering parameter decreases as the
density decreases:(a) 1.7x 10! em™3, (b) 2.5x 10*® em™3, (c)
1.8 x 10'® ecm™3. The spectra at 0.5 ns in each streak record
(black lines) are shown. The calculated Thomson scattering
spectrum (dashed-white line) using the temperature and den-
sity is plotted for each spectra. The attenuated region at
0\ = 0 is due to the 2w notch filter.

Figure 6(a) shows the sensitivity of the scattering spec-
trum to the electron density in the collective regime.
Increasing the electron density increases the separation
between the shifted peaks due to the increase in the fre-
quency of the electron-plasma waves and an electron den-
sity of 1.8 x 10'® cm™2 is determined from the best fit
to the data. The spectra calculated when increasing and
decreasing the density by 10% clearly lie outside of the
measurement. In the non-collective regime, Figure 6(b)
shows that the shape of the spectrum is less sensitive
to the density and typically the total scattered power is
used when a calibrated collection system is available.

The electron temperature is measured from the shape
of the scattering spectrum. Figure 6(c) and (d) show that
increasing the electron temperature increases the width
of the measured signal. In the collective regime, this is
a result of the increased electron Landau damping while
in the non-collective regime, this is a result of a broader
electron distribution function.

In the collective regime, the calculated spectrum is
unique; changing the temperature and the density si-
multaneously does not reproduce a given spectrum. The
uncertainty in the measurement of electron density and
temperature is determined by how much n. and T, can
be varied before the fit falls outside the noise. The un-
certainty in the temperature (density) measurement was
5% (10%) in the collective regime. In the non-collective
regime the electron density uncertainty from the shape
of the spectrum is ~ 30% and the electron temperature
uncertainty is ~ 25%.
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FIG. 6: By varying the electron temperature and density the
error in the measurement can be assessed. The experimental
data is shown in red and the best fit for each spectra is shown
in black: T. = 140 eV, n. = 5.8 x 10'® cm™ for (a) and (c),
T. =200 eV, n. = 1.8x10'® cm™ for (b) and (d). In plot (a)
ne is increased by 15% for the blue curve and decreased by
15% for the green curve, T, = 140 eV is held constant. In plot
(b) ne is increased by 15% for the blue curve and decreased
by 15% for the green curve, T. = 200 eV is held constant.
In plot (¢) me = 5.8 x 10*® ¢m™2 is held constant and 7. is
increased by 10% for the blue curve and decreased by 10%
for the green curve. In plot (c) ne = 1.8 x 10'® cm™ is held
constant and T, is increased by 25% for the blue curve and
decreased by 25% for the green curve. The actual errors in
the measurement of T. and n. is clearly less than the ranges
shown here.

B. Scattering from low-frequency fluctuations

When a > (ZT./3T; — 1)~'/2, ion-acoustic features
can be observed in the scattering spectrum. The wave-
length separation between the two ion-acoustic features

(AXraw) is approximately,

A)\[AW ~ 4 . 0 Te Z Ti
N e (2) \/M <1+k2/\2D +3Te> @

where M is the ion mass and T; is the ion temperature.
From here it is evident that when ZT, is on the order of
3T;, the frequency of the ion-acoustic features are sensi-
tive to the ion temperature and if ZT, is known, a mea-
sure of T; can be made.

Figure 7 shows collective scattering from ion-acoustic
waves. The measured spectrum 2.5 ns after the rise of the
heater beam is compared to the calculated spectrum [Fig.
7(b)]. Using an electron temperature of T, = 240 eV and
a density of n, = 1.3 x 10 cm ™2 measured by the as-
sociated high-frequency spectrum an ion temperature of
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FIG. 7: (a) A streak camera record of the Thomson scatter-
ing from the ion feature is shown. The spectra at 2.5 ns is
plotted in (b) where the best fit is shown using the electron
temperature and density from the simultaneously measured
electron feature (7. = 240 eV, n. = 1.3 X 10 cm73). The
ion temperature is then varied to fit the ion feature spectra.
The best fit is calculated for T; = 180 eV. To assess the error
in the ion temperature the spectra is calculated for T; plus
(blue line) and minus (green line) 60 eV.

T; = 180 eV is measured from the ion spectrum. The
average ionization state of Z = 7 is calculated using a
Thomas-Fermi [17]. The calculated spectra are outside
of the measured spectrum when increasing or decreasing
the ion temperature by 60 eV while keeping the other
parameters fixed demonstrating the sensitivity of the ion
feature to the ion temperature. The width of the ion fea-
ture is also a function of the ion temperature, but in laser
produced plasmas the width is typically dominated by
velocity and temperature gradients within the Thomson
scattering volume and therefore is an un-reliable mea-
surement of the ion temperature. When multiple ion
species can be added to the plasma, an ion tempera-
ture measurement can be accurately made by resolving
the relative scattered power into each ion acoustic reso-
nance [4, 18].



IV. RESULTS

Thomson scattering measurements are used to mea-
sure the hydrodynamic plasma parameters for nitrogen
gas jet plasmas with two laser beam configurations. Fig-
ure 8 shows the electron temperature and density mea-
surements when the plasma is heated by a 1 ns long pulse
(Configuration A). The measurements shows a rapid in-
crease in the electron temperature and density during
the initial 200 ps of ionizing the nitrogen gas. As the
temperature increases, the rate of inverse bremsstrahlung
decreases, and at a temperature of 135 eV and a den-
sity of ne = 6.0 x 10'® ¢cm™3 the heating due to inverse
bremsstrahlung balances the energy loss due to radiation
and expansion and the system is nearly isothermal for the
remaining 700 ps of the primary beam. The decrease in
the density is linear after initial ionization which is con-
sistent with the plasma expanding into vacuum at the
sound speed. The plasma begins to cool at the termina-
tion of the primary beam (1 ns). The density decreases
to ne = 3.0 x 10'® cm™3 and the temperature to 30 eV
by the end of the probe beam (5 ns). At 5 ns the 200
ps high intensity picket reheats the plasma causing an
increase in temperature to 80 eV. The density continues
to decrease during the picket to a final measured density
of ne = 2.8 x 10!'® cm™3. The density decrease is due
primarily to the expansion of the plasma and not recom-
bination as is evident by the lack of a density increase
when the plasma is reheated.

Figure 9 shows the hydrodynamic parameters as a
function of time when the plasma is heated by a 3 ns long
beam (Configuration B). The electron temperature and
density is determined from the high-frequency Thomson
scattering spectrum and the average charge state is cal-
culated to be Z = 7. The ion temperautre is then de-
termined. The ion temperature is measured equilibrate
with the electron temperature over nearly 3 ns while the
density remains constant within the error of the measure-
ment. There error in the ion temperature is determined
from both the error in the electron temperature (67)
and the error in the separation between the ion-acoustic
features (0A7aw). The absolute error in the ion temper-
ature is,

5T_<g>2( M >6A)\+ ZT,  OT.
EERNPY 24sin? (0/2)) AN T 3(1+k2\%) T,

(8)
derived from Eq. (7). The error in the electron tem-
perature is better than 5% and the error in AXjaw is
~ 2.5%. This results in an error in T; of 46 to 53 eV for
the measurements shown in Fig. 9.

V. SUMMARY

The electron density, and ion and electron temper-
atures are simultaneously measured in a nitrogen gas

jet plasma by collecting Thomson scattered light and
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FIG. 8: The electron temperature and density were measured
as a function of time. The red points show data measured
from the primary beam and the blue points are measured
from the probe beam.

spectrally resolving both the electron and ion features.
The transition from the non-collective to collective high-
frequency regime is observed by varying the electron den-
sity. Furthermore, experiments performed in the high-
densities typically found in laser produced plasmas result
in scattering from electrons moving near the phase veloc-
ity of the relativistic plasma waves. Therefore, it is shown
that even at low temperatures, relativistic corrections to
the scattered power must be included.
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